Abstract Lithospheric shear wave velocity beneath the southeastern margin of the Tibetan Plateau is obtained from Rayleigh wave tomography using earthquake data recorded by the temporary ChinArray and permanent China Digital Seismic Array. Fundamental mode Rayleigh wave phase velocities at periods of 20-100 s are determined and used to construct the 3-D shear wave velocity model. Low-velocity anomalies appear along or close to the major faults in the middle crust and become a broad zone in the lower crust, suggesting block extrusion in the shallow crust and diffuse deformation in the lower crust, both of which play important roles in accommodating the collision between the Indian and Eurasian plates. A vertical low-velocity column beneath the Tengchong Volcano is observed, which could be caused by upwelling of warm mantle due to the lithosphere extension in the Thailand rift basin to the south or by fluid-induced partial melting due to the subduction of the Burma slab. The western Yangtze Craton is characterized by low velocity in the crust and uppermost mantle above the fast mantle lithosphere, indicating possible thermal erosion at the western craton edge resulted from the extrusion of the Tibetan Plateau. A low-velocity zone is imaged at the depths of 70-150 km beneath the eastern part of the Yangtze Craton, which could be caused by small-scale mantle convection associated with the subduction of the Burma microplate and/or the opening of the South China Sea.
Introduction
The continental collision between the Indian and Eurasian plates forms the highest mountain ranges, the Himalaya, and the biggest plateau, the Tibetan Plateau, on Earth. Two end-member models have been proposed to explain the evolution of the Tibetan Plateau. One emphasizes the lateral motion of coherent crustal blocks with strain localization along major shear zones [Tapponnier et al., 1982 , while the other focuses on crustal thickening due to diffuse or continuous deformation [England and Houseman, 1986; Royden et al., 1997] .
The southeastern margin of the Tibetan Plateau is an important place to understand the development of the collision zone in the context of these models (Figure 1 ). This region is characterized by complex tectonic structures and strong seismicity under multiple influences of northward subduction of the Indian plate [Yin and Harrison, 2000; Li et al., 2008] , eastward subduction of the microplate along the Burma arc [Ni et al., 1989; Huang and Zhao, 2006; Li et al., 2008] , westward resistance of the Yangtze Craton [Cook and Royden, 2008] , and subduction in the east of China [Replumaz et al., 2004; Li and van der Hilst, 2010] .
Geodetic and geophysical observations have been conducted in the Tibetan Plateau to understand its deformation. GPS measurements indicate that a clockwise rotation around eastern Himalayan syntaxis and southeastward extrusion dominates the surface deformation in the southeastern Tibet [Zhang et al., 2004; Gan et al., 2007] . In the crust, geophysical observations (e.g., ambient noise tomography and magnetotelluric imaging) and geodynamic modeling suggest that the existence of middle-to-lower crustal flow could contribute to material escape toward southeast [Royden et al., 1997; Clark and Royden, 2000; Shen et al., 2001; Huang et al., 2002; Wang et al., 2003; Xu et al., 2007; Cook and Royden, 2008; Yao et al., 2008; Li et al., 2009; Bai, 2010] . A few studies have addressed how the lithospheric mantle accommodates the convergence of >2000 km [Le Pichon et al., 1992; Guillot et al., 2003; Zhao et al., 2010; L. Chen et al., 2014] . Zhao et al. [2010] proposed that a region with high temperature and low mantle seismic velocity in the northern and eastern Tibetan Plateau might account for the deformation from the plate collision. L. FU ET AL.
LITHOSPHERIC VELOCITY STRUCTURE OF SE TIBET 1 suggested that the delamination of a thickened lithospheric root could occur beneath the eastern Tibet and be responsible for the growth of the eastern Tibetan margin. In the southeastern margin of the Tibetan Plateau, seismic anisotropy from shear wave splitting reveals a conspicuous change in the fast direction, implying the existence of complex mantle deformation [Lev et al., 2006; Huang et al., 2015a] .
The structure of upper mantle beneath the southeastern margin of the Tibetan Plateau has been revealed in several regional velocity models [Li et al., 2008; Yao et al., 2008; Huang et al., 2015b; Yang et al., 2015] . The extensive slow velocity in the upper mantle beneath the Tengchong Volcano (TV), northern part of the Indochina Block (NIB), and the eastern Yangtze Craton (EYC) was imaged both from P wave [Li et al., 2008; Huang et al., 2015b] and surface wave tomography [Yang et al., 2015] . However, the interpretations for the anomaly are not consistent among these studies. Huang et al. [2015b] interpreted the low-velocity anomaly as the extruded mantle flow from the Tibetan Plateau and proposed the mantle extrusion in southeast Tibet. In contrast, Li et al. [2008] and Yang et al. [2015] suggested that the low velocity of the TV was related to the subduction beneath the Burmese arc. For the west of the Yangtze Craton (WYC), several models observed different features. Li et al. [2008] developed a large-scale P wave model and found a fast upper mantle in the WYC. Yao et al. [2008] also imaged a similar fast velocity in the WYC from Rayleigh wave tomography. However, Huang et al. [2015b] observed a low-velocity anomaly of P wave in the upper mantle of the WYC. Previous velocity models beneath the Yangtze Craton have limited resolution due to sparse seismic stations [Su et al., 2002; Huang et al., 2003; Li et al., 2008; Yao et al., 2008] . With the completion of the ChinArray in this region, a 3-D model of the crust and upper mantle with improved resolution can be developed to better understand the deformation process and resolve some existing discrepancies.
The ChinArray Transportable Array of the Himalaya program, which consists of seismic stations at an interval of 35 km, has covered the southeastern margin of the Tibetan Plateau (Figure 1) . A large amount of data recorded by 437 seismic stations from the temporary ChinArray and permanent China Digital Seismic Array make it possible to construct a 3-D model with improved resolution beneath this region. In this study, Rayleigh wave phase velocities at periods from 20 to 100 s are obtained from earthquake data using the twoplane wave inversion technique. These dispersion measurements are then inverted for shear wave velocity in the crust and upper mantle. Our model reveals significant lateral variations not only across the plateau boundary but also within the Yangtze Craton, providing new constraints on the interaction between the Tibetan Plateau and the stable craton.
Data and Method
Rayleigh wave data used in this study come from two seismic networks, the temporary ChinArray and the permanent China Digital Seismic Array, during 2011-2013 (Figure 1 ). Event selection and single station data preparation are similar to those described by Li et al. [2003] . Eighty-five teleseismic events with good Rayleigh wave waveforms and depth less than 150 km are chosen as sources (Figure 2 ). These events have a good azimuthal coverage except in a narrow range of the east and west direction. For each event, the vertical component seismogram at each station is corrected for the instrument response and filtered with a 10 MHz band pass at 12 frequencies of interest ( Figure 3 ). We only retain those Rayleigh waves with good signalto-noise ratio (>3) and coherent signals from station to station. The number of good waveforms decreases with period due to the low signal-to-noise ratio at long periods. 
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We use a two-step inversion procedure to obtain shear wave velocity structure. The first step is to determine phase velocities using the twoplane wave inversion method. The two-plane wave method proposed by Forsyth et al. [1998] and Forsyth and Li [2005] seeks to solve the phase velocity and incoming complex wave field simultaneously using the simulated annealing method and a linearized inversion [Tarantola and Valette, 1982] . At each frequency, the Gaussian sensitivity functions [Forsyth et al., 1998; Forsyth and Li, 2005] are used to obtain 1-D average phase velocity. Then the 2-D Born approximation sensitivity kernels [Yang and Forsyth, 2006] are calculated based on the average phase velocity and utilized to determine the 2-D phase velocities. The characteristic scale length of Gaussian sensitivity function, which controls the trade-off between the model variance and resolution, is assigned to 80 km after several tests. The study region is described by grids of 0.5°× 0.5°in the center and 0.75°× 0.75°at the edge. We set a priori error of 0.25 km/s for phase velocity at the inner nodes and 2.5 km/s at the edge nodes, which helps to absorb anomalous phase and amplitude data. The standard deviation of phase velocity at each grid is calculated from the model covariance matrix.
The second step inversion is to construct the 1-D and 3-D shear wave velocity models in the crust and upper mantle from the obtained phase velocities. The starting 1-D velocity model with a three-layer crust is developed from the model of AK135 [Kennett et al., 1995] and previous regional models in the study area [Bao et al., 2015; Huang et al., 2015b] . The Moho depth at each grid point is constrained from receiver functions [Li et al., 2014b] and kept as a constant during the inversion. The effect of the uncertainty of crustal thickness on the estimate of velocity is very small and can be neglected [Fu et al., 2016] . The model parameters are shear wave velocities in 16 layers from the surface to 410 km depth. P wave velocity is associated with the shear wave velocity by a fixed V P /V S ratio of 1.73 in the inversion. The density does not change since its effect on Rayleigh wave phase velocity is too small. The layer thickness ranges from 10 to 50 km. A correlation coefficient of 0.4 between adjacent layers and an a priori standard error of 0.05 km/s for shear velocity are applied to suppress extreme variations of model parameters. The method of Saito [1988] is used to calculate synthetic phase velocities and partial derivatives of phase velocities with respect to model parameters. We first obtain a 1-D shear wave velocity model from the average phase velocities and then use the 1-D velocity model as the initial model in obtaining the 3-D model, which is built by assembling the 1-D models at each grid point.
Results
Phase Velocities
Checkerboard tests are conducted to evaluate the resolution of phase velocity models (Figure 4) . The input velocity model consists of alternate anomalies of ±4% relative to a reference velocity of 4 km/s with a size of 1.5°× 1.5° (Figure 4a ). Synthetic data for the input model are calculated at each period using the same seismic stations, events, and raypaths as in the real data. The velocity pattern is well recovered (Figures 4b-4d) in the resulted models although smearing exists at the edge. The recovered amplitude in the center of the array Figure 1 ) from an earthquake occurred in Japan on 24 November 2011. The waveform on the top is a broadband wave train, and other waveforms are filtered with a 10 mHz width filter centered at frequencies from 10 to 50 mHz for Rayleigh wave.
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is almost the same as the input value (4%) at 25 and 50 s (Figures 4b and 4c) but only 3% at 100 s (Figure 4d ) due to a relatively smaller number of crossing raypaths at longer periods. We also carry out the checkerboard tests to evaluate resolvability for small-scale structure with size of 0.5°and 1°. These tests indicated that the input small-scale structure is not well resolved due to limited event distribution and lack of the shortest wavelengths of the Rayleigh wave waveform (<20 s). Therefore, the lateral resolution is about 1.5°.
The robustness of the resulted phase velocities can also be estimated using the standard deviations from the model covariance matrix as shown in Figure 5 . The standard errors increase toward the edge. We only keep the phase velocity results at grid points within the 2% standard error contour at 100 s ( Figure 5 ), which has the smallest number of raypaths for high-quality waveforms among all periods.
We conduct the 2-D phase velocity inversion at the periods from 20 to 100 s. The maps of phase velocity perturbation for six different periods (25, 40, 50, 71, 91, and 100 s) are shown in Figure 6 . The anomalies are relative to the average phase velocity at corresponding periods in the entire area. Large variations up to 8% in the phase velocity are observed across the study region. Prominent slow velocity anomaly is imaged beneath the Tibetan Plateau at periods of 25-50 s (Figures 6a-6c ) and shifts southward to the Tengchong Volcano (TV) and the northern part of Indochina Block (NIB) at periods of 71-100 s (Figures 6d-6f) . Our results are consistent with previous Rayleigh wave phase velocity models in the southeastern Tibetan Plateau [Yao et al., 2006; Yang et al., 2010] . Similar features are also observed in the group velocity maps at the periods of 30-70 s from the two-station method [Li et al., 2014a] . The Yangtze Craton shows variable seismic structure from west to east at long periods (>50 s). The WYC is characterized with slow velocity at short periods (25-40 s) (Figures 6a and 6b) and fast velocity at long periods (71-100 s) (Figures 6d-6f) . This fast velocity zone is (Figures 6d-6f ).
Shear Wave Velocity Models
The 1-D shear wave velocity model is obtained by inverting the average phase velocities at periods of 20-100 s in our study area. Rayleigh wave phase velocity provides integrated information for velocity structure over a broad depth range (Figure 7a ). For a given period, the fundamental mode Rayleigh wave has the highest sensitivity at about one third of the shear wave wavelength. The model resolution matrix is calculated to evaluate the robustness and resolution of shear wave velocity with depth. Figure 7b shows the peak values at five rows of the resolution matrix for the 1-D reference model. The peak values generally become smaller at greater depths, indicating the resolution to shear wave velocity decreases with depth. We therefore focus on the velocity structure above 150 km depth. The linearized nonlinear inversion depends on the initial model. To develop an appropriate initial model for the study region, we combined the crustal model of Bao et al. [2015] and the AK135 model in the upper mantle. The resulted average shear wave velocities (red solid line in Figure 8a ) have the standard deviations less than 0.025 km/s and well fit the observed dispersion curve (red solid line in Figure 8b ).
Combining all the 1-D models beneath each point, we obtain a 3-D shear wave velocity model beneath the southeastern margin of the Tibetan Plateau. Figure 9 displays the 1-D models of four map points at the different tectonic units. The crust in the Tibetan Plateau (red line in Figure 9b ) and west part of Yangtze Craton (blue line in Figure 9b ) is relatively slower than that in the north part of Indochina Block (black line in Figure 9b ) and east part of Yangtze Craton (green line in Figure 9b) . However, the northern Indochina Block 
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(black line in Figure 9b ) and eastern Yangtze Craton (green line in Figure 9b ) show a slower upper mantle beneath the depth of 70 km. These 1-D velocity models clearly illustrate strong lateral variations of shear wave structure in the study area, which can be better viewed from the 3-D model. Figures 10 and 11 , respectively. Comparing our result with the crustal model by Bao et al. [2015] using ambient noise data from the same network, large difference exists in the upper crust, which is probably due to the lack of constraints in our data where the shortest period is 20 s. Most importantly, the two models are consistent in the middle and lower crust, where they both have high resolutions. Two channel-like low velocities in the middle crust in our model (Figure 10b Pronounced slow shear wave velocities with variable geometry and strength are imaged in the middle and lower crust (Figures 10b, 10c, and 11c-11f ). In the middle crust, low-velocity anomalies are imaged as narrow channels across the study region (Figures 10b and 11c-11f) , while the lower crust shows a broad low-velocity anomaly in the Tibetan Plateau and the EYC (Figures 10c, 11e, and 11f ). These observations are similar to the crustal shear wave velocity models by M. and Bao et al. [2015] from ambient noise tomography. In the upper mantle, the Tibetan Plateau is characterized by a slow anomaly above 90 km but a fast anomaly at the depths of 90-150 km (Figures 10d-10h, 11c, and 11d ). An obvious low-velocity anomaly is Figure 7 . (a) Rayleigh wave sensitivity kernels for shear wave at periods of 20, 50, 71, and 100 s. The kernels are calculated based on the velocity model AK135 [Kennett et al., 1995] using the method of Saito [1988] . (b) Five rows of the model resolution matrix from the inversion for the reference model. (Figures 10d-10h, 11c , and 11d), consistent with the P wave model by Huang et al. [2015b] . Li et al. [2014a] also imaged this low velocity from Rayleigh wave group velocity inversion. The WYC is characterized with relative slow velocity in the crust and fast velocity in the mantle (Figures 10d-10h, 11a, 11b, 11e, and 11f) . The fast upper mantle in the WYC is consistent with the shear wave model by Yao et al. [2008] and P wave model by Li et al. [2008] . In contrast, the P wave model by Huang et al. [2015b] found a slow velocity anomaly extending down to 200 km beneath the WYC. In the EYC, we observe a reduced velocity zone with increasing strength at the depths of 70 to 150 km (Figures 10e-10h, 11e, and 11f ). This observation largely agrees with the P wave velocity model [Huang et al., 2015b] and large-scale V SV models [Su et al., 2002; Yang et al., 2015] .
Horizontal slices and vertical profiles of the model are shown in
Discussion
LVZ in the Crust (LV1)
Our observation of low-velocity anomaly in the crust beneath the Tibetan plateau is consistent with a range of previous tomographic studies Wang et al., 2003; Xu et al., 2007; Yao et al., 2008; M. Chen et al., 2014; Sun et al., 2014; Bao et al., 2015; Huang et al., 2015b] . The channel-like slow anomalies in the middle crust are close or next to the faults or at the intersection of the faults (RRF, XF, and XXF) (Figure 10b ). The reduction in shear wave speed is probably associated with high temperature due to shear heating [Leloup et al., 1993 [Leloup et al., , 2001 ]. In addition, high electrical conductivity was also observed along these faults from magnetotelluric data at the depths of 20-40 km [Bai, 2010] . These geophysical observations suggest that strain in the upper and middle crust tends to localize along major shear zones and the deformation is dominated by the fault system, consistent with the block model [Tapponnier et al., 1982] . However, low-velocity anomalies in the lower crust appear as a broad zone from the Tibetan Plateau to the EYC (Figure 10c ). This large lowvelocity zone could be explained by partial melt due to differential pressure in the high-relief transition region [Beaumont et al., 2004] or high temperature in this area [Hu et al., 2000] . The presence of partial melt could reduce rock viscosity and allow the material in the lower crust to flow [Bagdassarov and Dorfman, 1998 ]. Our observation also agrees with the crustal flow model that predicts diffuse deformation [Royden et al., 1997; Clark and Royden, 2000; Beaumont et al., 2001] . Our results indicate that low-velocity zones have different patterns in the middle and lower crust. The block extrusion model and lower crustal flow model could coexist in the southeast margin of the Tibetan Plateau to accommodate the deformation caused by the collision between the Indian and Eurasian plates. The extrusion tectonics at the shallow crust is replaced with the continuous deformation by the intrusion of lower crust flow into the region. Another striking feature observed in our model is the slow shear wave velocity at a depth of 70-150 km beneath the Tengchong Volcano to the west of the Red River Fault (Figures 10e-10h, 11c, and 11d) . A similar slow shear wave velocity has been observed by many investigators in the same region [e.g., Huang et al., 2002; Yao et al., 2008 . Lei et al., 2009 Huang et al., 2015c] . The strength and size of this slow velocity zone increase with depth and it terminates at 27°N and does not present at the Tibetan Plateau (Figures 10f-10h) . The slow velocity distribution geometry does not support the Tibetan Plateau mantle material extrusion to the Tengchong Volcano region at the depths of 90-150 km. As shown in Figures 10 and 11 , this velocity anomaly in the south extends farther to the northern part of the Indochina Block, where Yang et al. [2015] also observed slow shear wave speed in the lithosphere from Rayleigh wave tomography. Yang et al. [2015] suggested that the slow velocities could be caused by the upwelling of warm mantle during the lithosphere extension. If this is the case, the low velocity could indicate the thinning of lithosphere in this region. S receiver function revealed that the lithospheric thickness is in a range of 80-150 km in this region [Yang et al., 2017] . The thin lithosphere in this region to the west of Red River Fault could result from the lithosphere extension via a series of rifting, thermal subsidence, and inversion in the Thailand rift basin associated with the slab rollback of the Australian plate beneath the Sumatra trench [Yang et al., 2015] . Alternatively, the low velocity with a value of~4.0 km/s at depths of 70-110 km, comparable to that beneath Iceland [Li and Detrick, 2006] , could require the presence of partial melting. Additionally, P wave travel time tomography indicates that the low-velocity anomaly could extend down to the mantle transition zone (MTZ) [Lei et al., 2009; Huang et al., 2015c] . Therefore, another possible cause for the low velocity beneath the Tengchong Volcano is fluid-induced partial melting due to the subduction and subsequent dehydration of the Burma slab, which is imaged as high velocity in the MTZ from body wave tomographic models [Lei et al., 2009; Li et al., 2010; Huang et al., 2015c] . In this scenario, the Tengchong Volcano may be considered as a subduction-related volcano, caused by the slab dehydration [Lei et al., 2009] .
Heterogeneity of the Yangtze Craton
The Yangtze Craton consists of four geological terranes with the oldest block in the west and the youngest in the east [Zhang et al., 2013] . It was assembled and broke up multiple times and became stable since Phanerozoic [Zhang et al., 2013] . The Yangtze Craton is bounded by the Indochina Block and the Tibetan Plateau to the west and the Qinling-Dabie belt to the north. Both global and regional seismic tomography models [e.g., Grand et al., 1997; Pandey et al., 2014] indicate that the Yangtze Craton is characterized by a fast and thick lithosphere.
Our model shows complex 3-D heterogeneity in the crust and upper mantle beneath the Yangtze Craton. A slow crust and uppermost mantle (<70 km) and relative fast upper mantle (>70 km) are imaged beneath the west of Yangtze Craton (WYC), while the east of Yangtze Craton (EYC) has a fast shallow upper mantle underlain by a low velocity beneath 70 km (LV3) (Figures 10 and 11) . Bao et al. [2015] observed a similar feature from ambient noise tomography. The low-velocity zone in the crust and uppermost mantle from the Tibetan Plateau to the WYC may suggest that the Tibetan hot materials flow to the western part of the Yangtze Craton and thermally erode the cratonic lithosphere. This thermal erosion is probably confined in the area near the Tibetan border and in the shallow part (<70 km) below which the fast cratonic lithosphere is observed. The anomalous low-velocity zone (LV3) in the EYC is also observed in P wave travel time tomography [Lei et al., 2009; Li et al., 2010; Huang et al., 2015b Huang et al., , 2015c , which connects the low-velocity zone beneath the Tengchong Volcano and the NIB in the south of our study region. The low to high low-velocity pattern from NIB and WYC to EYC in our model could result from small-scale convection in the mantle wedge above the subducted Burma slab, which was imaged as high-velocity anomaly beneath the Burmese arc [Li et al., 2008] . Further quantitative geodynamic modeling is required to better understand the processes of the thermal erosion in the crust and uppermost mantle at the border between the Tibetan Plateau and WYC and the small-scale convection in the EYC.
Additionally, large-scale models [Li et al., 2010; Huang et al., 2015c; Pandey et al., 2014] found that the lowvelocity anomaly in the EYC connects to the slow velocity beneath southeastern China and South China Sea below 100 km. Alternatively, the low-velocity anomaly beneath the EYC could be associated with the opening of the South China Sea, where rifting is dated as early as Cretaceous-Eocene [Schluter et al., 1996] and probably caused by lithospheric extension induced by the subduction of the Pacific plate in the east, the subduction of Indian plate in the west and the subduction of the South China Sea beneath the Philippine plate [Cullen et al., 2010] .
Conclusions
We have obtained a 3-D shear wave velocity model with improved resolution from Rayleigh wave phase and amplitude data recorded by the ChinArray and China Digital Seismic Array in the southeastern margin of the Tibetan Plateau. Prominent low-velocity anomalies are observed along or near the major faults in the middle crust and form a broad zone in the lower crust, suggesting the block model is functioning at shallow depths and the crustal flow model works in the lower crust in the southeastern margin of the Tibetan Plateau. The Tengchong Volcano to the west of the Red River Fault is characterized by slow velocity, which is caused by either upwelling of warm mantle due to the lithosphere extension in the Thailand rift basin to the south or partial melting associated with the subduction and subsequent dehydration of the Burma slab. The destruction of the Yangtze cratonic lithosphere above 70 km in the west is probably due to the Tibetan extrusion, and the destruction below 70 km in the east is likely caused by small-scale mantle convection induced by the subduction of the Burma slab and/or the opening of the South China Sea. Our observation suggests complex geodynamics beneath the southeastern margin of the Tibetan Plateau.
